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In this study, we present a point absorber wave energy converter model of a multi degree freedom system. This 
converter uses heave, pitch, and surge motions in order to absorb energy. Given that the function of the point absorber 
converters is dependent on the frequency of the wave excitation, the maximum power is obtained when the frequency of the 
system and the wave frequency are equal so the greatest oscillation occurs in the system. Therefore, using several natural 
frequencies for the system can help achieve the resonance condition. For this purpose, in addition to heave motion mode, 
other motion modes can also be used in order to gain more power in the system. The process of modeling and analyzing of 
the system in the first step was only by using heave's motion mode. But in the next step, the effect of pitch and surge's 
motions were added. Finally, the power absorbed by the system in these two steps was compared with each other. Increasing 
the power absorbed by the system is one of the results of this study. 
[Keywords:Wave energy Converter(WEC); Point absorber; Heave; Pitch; Surge; Power Take Off (PTO)]] 
Introduction 
Wave energy is one of the most important energy 
sources that have the highest energy density among the 
renewable energies.
1
 So far, several studies have been 
done on the methods and means to convert this type of 
energy into electrical energy. One of the most important 
methods for converting the energy produced by sea 
waves is the use of oscillating devices. Point absorbers 
are a type of oscillating device whose dimensions are 
much smaller than wavelengths, so they are able to 
absorb wave in different directions.
2 
Point absorbers can be designed in such a way as to 
maximize the oscillation encounter of a wave 
excitation and absorb the maximum power. In other 
words, in the case of equalization of the frequency of 
the converter and the frequency of the excitation wave 
and gaining the state of resonance in this type of 
converters, the maximum output power and efficiency 
can be achieved. 
So far, most of the studies have been conducted on 
systems having heave's motion mode. One of the 
reasons for this is the complexity of the systems with 
higher degrees of freedom compared to systems with 
only one degree of freedom. Also, modeling and 
analyzing systems with higher degrees of freedom is 
far more difficult. In addition to heave's motion mode, 
in oscillating converter systems, pitch or surge's 
motion modes can also be used. Evans's studies of 
power optimization (1976,1979 and 1980)
3
 on 
systems with one degree of freedom and a practical 
way through multi-degree of freedom systems 
initiated these types of activities. Another important 
study by French and Bracewell on systems with 
multi-degree freedom showed that output power in 
asymmetric motions, such as pitch or surge's motion 
modes, is approximately two times greater than 
symmetrical motions, such as heave's motion mode.
3
 
IIJIMA et al
4
 proposed the HPB (Heave & Pitch Buoy) 
system, using two rotary vane pumps, which stores 
energy related to heave and pitch's motion modes 
separately. This practical proposal was studied and 
evaluated by constructing a pilot sample. The results 
of this study indicated that the system had increased 
power and efficiency due to the combination of heave 
and pitch's motion modes. 
Chaplin and Aggidis
5
 examined a point-absorber 
converter affected by pitch and surge's motion modes. 
This study has also been complemented by a pilot 
model with experimental results. Nokob and Yue
6
 
research on output power in a cylindrical converter 
with heave and pitch's motion modes, and its 
performance review, according to geometric 
parameters of cylindrical shapes in shallow water is 
another example of this kind of studies. 
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Kim et al
7
 used a system of two buoys, and using a 
fluid inside the system, accompanied by utilizing the 
degrees of freedom of heave and pitch. They decided 
to use 3 natural frequencies to resonance the system. 
Activities undertaken in the field of multi degree of 
freedom systems have often been used to increase the 
absorption capacity of the system. Since the amount 
of wave energy extraction technologies is consistent 
with climate conditions and specifications governing 
the sea waves of Iran, it is suggested that application 
of the floating-point absorbers could be the best 
option in Iran.
8 
The purpose of this study is to investigate a point 
absorber system with heave, pitch, and surge's motion 
modes. It should be noted that in the case of the 
selective model, in previous researches only heave's 
motion mode was used to absorb energy. In addition 
to heave's motion mode, this study used pitch and 
surge's motion modes to absorb energy. Therefore, 
increasing the power absorbed by the system is one of 
the results of this study. 
 
Floating point absorber model and PTO  
Figure 1, shows the system of coordinates of  
6 degrees for a sea wave energy converter. Fig. 2 
shows how energy is absorbed by a point absorber 
converter while encountering the wave. If the point 
absorber is in resonance and undergoes heaving 
motion only, a symmetric wave is radiated with the 
same frequency as the incident wave, shown in  
Fig. 2(a). It is ideally possible to extract only half the 
energy from heaving motion. Fig. 2(b) shows a pure 
pitching motion, where antisymmetric waves are 
generated, and a theoretical possibility of absorbing 
more than half of the incident wave energy. Fig. 2(c) 
shows superposition of the incident wave, the heaving 
and the pitching motion. But in the case that it can 
combine the motion modes of the heave and pitch, it 
can ideally extract all the energy of the collision  
wave (Figs. 1 and 2). 
The model used in this research is the Yu and Li
9 
model, whose schematic form and dimensions are 
shown in Fig. 3. This model was utilized since it 
represents the point absorbers designs currently being 
developed. Furthermore, this model has experimental 
data which is derived from wave tank testing. This 
model consists of two floating and submerged bodies 
that use a relative motion between two bodies to 
absorb energy. Here, we only considered a basic 
structural design and the effects of mooring lines were 
ignored. The total mass of the full-scale model is 
about 249.5 tons, the mass of the floating body is  
84.5 tons, the mass of the submerged body is  
165 tons, and the center of gravity was located 22.4 m 
below the mean free surface (Fig. 3). 
Systems consisting of 2 bodies can be used to 
increase the relative motion of the two bodies in order 
to increase the displacement of the system. However, 
the performance and capability of absorbing the 
power by a system are dependent upon the occurrence 
of the resonance of the wave. Using the submerged 
 
 
Fig. 1 — Definition of the coordinate system and the 6 degrees  
of freedom. 
 
 
Fig. 2 — (a) Wave radiation by heaving (b) wave radiation by pitching (c) superposition of incident wave, heaving, and pitching motions 
(source: Faiza et al.2, 2014) 
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body to achieve optimal conditions can increase the 
absorbed power of the system. This technique has 
been investigated in the Liang and Zuo
10
 studies. 
Utilizing multiple natural frequencies in the frequency 
range of sea waves using heave, pitch and surge's 
motion modes helps the system absorb more energy 
of the wave. In these situations, the most intense 
power in each mode can be absorbed due to the 
probability of resonance phenomena in any of the 
motion modes. 
In most wave energy converters, the PTO power 
system has been used for energy absorption due to its 
capability in absorbing energy. In linear mode, the 
force generated by the PTO system is expressed as 
follows
10
. 
zCKzFPTO    ... (1)  
K and C are the coefficients of stiffness and 
damping of the PTO system respectively. Therefore, 
according to Fig. 4, the PTO system is considered to 
be equivalent to a spring and a damper. The spring is 
used as a member to restore various components of 
the system to their first state, and the damper is used 
to absorb energy (Fig. 4). 
 
System Modeling  
The theory of linear oscillations shows that wave 
energy systems should operate close to resonance 
condition for optimal power absorption. Due to the 
use of heave, surge and pitch's motion modes in the 
system, in each of these states, resonance may occur. 
In heave's motion mode, using the resonance, the 
maximum displacement and power output can be 
achieved, but in the presence of resonance in the pitch 
or surge's motion modes, there is a probability of 
instability in the system. Therefore, control measures 
should be considered for this issue. However, in 
addition to heave's motion, it can absorb more energy 
due to the presence of pitch and surge's motion 
modes. Equations 1 to 6 are the governing equations
3
 
of the system. Equations (2) and (3) are heave's 
motion equations, equations (4) and (5) are surge's 
motion equations, and equations (6) and (7) are pitch's 
motion equations for floating and submerged bodies 
in the wave energy conversion system. By using the 
modeling and hydrodynamic analysis of the system, 
various coefficients of the system's motion equations 
are obtained. 
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Fig. 3 — Floating point absorber geometry and dimensions 
(source: Yu and Li9, 2011) 
 
 
 
Fig. 4 — Schematic representation of two-body wave energy converter 
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where z (t), x (t) and θ (t) represent the displacements 
in heave, surge and pitch modes. 1m and 2m  are the 
respective masses of the floating and submerged 
bodies and J  is the moment of inertia of the body in 
pitch. The added mass and radiation damping 
coefficients are represented in the equations by zm ,
xm , m  and zb , xb , b representing heave, surge and 
pitch modes, respectively. zPTOb ,
x
PTOb ,

PTOb  and 
z
PTOk ,
x
PTO
k , PTOk are the damping and stiffness coefficients 
of the power take-off system for heave, surge and 
pitch modes of motions, respectively. ezF  , exF  and 
eF  indicate wave excitation force in heave, surge and 
pitch, respectively. sk  is the coefficient of hydrostatic 
force is defined as12 
gSk s    ... (8)  
where   is the water density, g is gravity acceleration 
and S is the water plane area of the floating body. 
According to Fig. 5, the modeling of the system 
using the mechanism can be used for heave, pitch and 
surge's motion modes in the system. Due to the fact 
that the PTO hydraulic system is used for energy 
absorption, in system modeling, the coefficients of 
stiffness and damping are equivalent to each spring 
and damper in the system. Determining optimal 
values for these coefficients is very important for 
absorbing the most energy in the system. The absorbed 
power of the system is affected by the values of the 
coefficients of the PTO system (Fig. 5). 
The instantaneous power absorbed by the system in 
heave motion is expressed as follows:
9
 
2zbP zPTOHeave    ... (9)  
Therefore, with respect to the optimal values of 
these coefficients, the maximum power can be 
extracted from the system. In order to determine the 
optimal PTO coefficients for the occurrence of 
resonance in the heave motion, equations 10 and 11 
can be used.
13
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The optimal values of the stiffness and damping 
coefficients of the PTO are determined as follows for 
the occurrence of resonance and achieving maximum 
power in the surge and pitch's motions.
3
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where 
G
z  is the position of the center of gravity of the 
body on the vertical axis. Furthermore, due to the 
benefits from the surge and pitch's motion modes, the 
amount of power absorbed by the system in the surge 
and pitch's motion modes is also determined by the 
following equations. 
2 
PTOPitch
bP    ... (16)  
2
xbP
x
PTOSurge
   ... (17)  
The modeling and analysis of the system are 
performed in the first stage only when the system uses 
heave's motion and the results are compared with the 
available data from the experimental test results. In 
the next stage, the results of the modeling and 
analysis of the system are compared with the results 
of the triple motions of heave, pitch, and surge. The 
results showed that in this case, the output power has 
increased considerably. For the purpose of 
calculations and numerical evaluations, the ANSYS-
AQWA commercial software has been used. This 
software uses the boundary element method. Table 1 
shows the values of sea and wave characteristics for 
 
 
Fig. 5 — Schematics of the wave energy converter model 
configuration 
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calculating the power absorption in the simulation 
(Table 1). 
The 3D geometry of WEC was modeled using the 
dimensions defined in Fig. 3, and then it was imported 
into ANSYS AQWA, as shown in Fig. 6. Then AQWA 
was used to determine the frequency-domain response 
presented in this paper. 
The energy contained in the surface waves can be 
represented by a wave spectrum, which gives the 
energy distribution of the waves in a finite area  
at a given location.
2
 According to the studies of 
Alamian et al.
8
, the point absorber systems are very 
effective to be applied in Iran seas. Rashid
14
 examined 
the possible examples of offshore wave power 
installations at Chabahar area in the Oman Sea. They 
pointed out that Chabahar bay should be recognized 
as a suitable area for wave energy converters. In this 
study, a wave with wave height 2.5 m and a period of 
8sec was chosen, based on the moderate wave climate 
at Chabahar Bay. The spectrum used for the 
simulations can be seen in Fig. 7. 
 
Results and Discussion  
In this section, the results of modeling and solving 
the governing equations of the system are presented. 
Fig. 8 shows the RAO (Response Amplitude Operator) 
diagram for heave's motion mode. As you can see, in 
the period of 8 seconds, the graph has the peak 
amplitude due to the occurrence of the resonance. 
Therefore, the amount of absorbed power is also 
maximal in this period of time. In this figure, the 
results of modeling and analysis of the system are 
compared with the experimental results. This 
comparison shows that there is an appropriate match 
between the numerical results obtained from the 
AQWA and the experimental test results (Fig. 8).  
Table 1 — The sea and wave characteristics 
Parameter Value 
Water depth [m] 70 
Water density [kg/m3] 1025 
Sea computational domain 1000*1000 
Wave type Regular 
Wave frequencies (0.1-0.3) Hz 
Incident wave angle 180 deg 
 
 
 
Fig. 6 — WEC model used in AQWA simulation 
 
 
Fig. 7 — Wave spectrum for Chabahar Bay (source: Khojasteh and Kamali15, 2016) 
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Fig. 9 — Power absorption against PTO damping coefficient  
for heave-only-mode (H=2.5 m) 
 
As noted in the previous section, the power 
absorbed by the system is dependent on the stiffness 
and damping values of the PTO system. Therefore, the 
output power of heave's motion in terms of different 
values of PTO damping coefficients in the system is 
investigated and its variation is shown in Fig. 9. 
By examining the results shown in Fig. 9, it can be 
seen that the optimal PTO damping coefficient in 
heave's motion is 1200 kN.s/m since, for this value of 
the damping coefficient, the absorbed power of the 
system will be maximized. The amount obtained for 
the optimal value of the PTO damping coefficient 
conform to the data contained in Yu et al’s work11. 
The values of the PTO coefficients used for the system 
in pitch and surge motion modes are also shown in 
Table 2. We choose these values such that three 
resonance modes (heave pitch and surge) happen 
around the frequency of 0.125 Hz. 
Also, by investigating the results of the analysis of 
the pitch and surge's motion modes in the system, it 
can be seen that using these motion modes will be 
effective in absorbing the output power. In Fig. 10, 
the RAO diagram is illustrated for the pitch and 
surge's motion modes. From this figure it can be 
concluded that while the wave energy converter 
device is on the resonance condition, the periods are 
in the range of the main sea wave periods. According 
to the wave spectrum diagram of sea area, where  
the wave energy converter is installed there is good. 
Fig. 10 shows that around the period of 8 seconds, 
there are resonances both in pitch and surge's motion; 
therefore, the amplitude of these motion modes 
around this period has a maximum value (Fig. 10). 
According to the RAO diagram for heave's motion and 
comparing it with the RAO diagram for the pitch and 
surge's motion modes, the negligible difference in the 
periodicity of the three above mentioned motions can 
be seen for the occurrence of resonance. Thus, at this 
frequency in addition to heave's motion amplitude, we 
can use the amplitude of the pitch and surge's motion 
modes to increase the power of the system. The time-
domain responses plots for pitch and surge's motion 
modes have been plotted in Figs 11 and 12 for the 
system (Figs 11 and 12). 
According to the results of numerical modeling and 
system analysis, absorbed power values for each of 
the heave, pitch and surge's motion modes are 
obtained. The absorbed power diagram of the system 
in heave, pitch and surge's motion modes are shown 
in  Fig.   13.   The  absorbed   power  of  the system  is  
 
 
Fig. 8 — Heave RAO for wave with a height of 2.5 m. 
 
Table 2 — The values of PTO coefficients for the system in pitch 
and surge motion modes 
 PTO Damping (kN.s/m) PTO Stiffness (kN/m) 
Pitch 1680 32 
Heave 1200 20 
Surge 1050 24 
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Fig.10 — RAO diagram for pitch and surge modes of motion 
 
 
 
Fig. 11 — Time domain response of pitch mode of motion 
 
 
 
Fig. 12 — Time domain response of surge mode of motion 
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also shown in this figure in the form of a  
combination of heave, pitch, and surge's motion 
modes (Fig. 13). 
As shown in Fig. 13, if the system utilizes heave, 
pitch, and surge's motion modes, the amount  
of absorption power will increase by about  
100 kilowatts, and the power absorbed by the  
system will peak at 300 kilowatts. 
 
Conclusion 
In this study, a point absorber system of  
sea wave energy converter with the effects of  
heave, pitch, and surge's motion modes was 
investigated. In oscillatory systems with multiple 
degrees of freedom, due to the use of natural 
frequencies in the frequency range of waves, the 
probability of resonance in the system increases. The 
results showed that if there are multiple motion 
modes in the system, each of them can be used to 
increase the output power. Thus, around the periods 
of 8 seconds, the pitch, surge, and heave are 
intensified, and the oscillation of the system 
increases in these conditions. Also, according to the 
results obtained, we found that the amount of power 
obtained with these three motion modes was 
significantly increased compared to only one motion 
mode. According to the results, in the presence of 
heave, pitch and surge's motion modes, the total 
absorbed power of the system is about 300 kW and 
the absorbed power generated by only heave's 
motion will be about 200 kW. 
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